All the processes of cells involved in growth and metabolism require energy. In body cells, adenosine triphosphate (ATP), which is the main source of energy, is used for maintenance and growth. Creatine phosphate is a rapidly mobilizable reserve of high-energy phosphate for ATP formation. It is likely that the requirement for creatine is proportionally greater in growing 
animals than in adults, because, in addition to replacing creatine losses in the form of creatinine, there may be a need to provide creatine to the growing tissues [1] . Brosnan et al. [1] concluded that one-fourth of creatine accretion in neonatal piglets may be provided by sow's milk and three-fourths by de novo synthesis by the piglet. Therefore, the capacity for de novo synthesis may be limiting in high-yielding farm animals, especially in those fed all-vegetable diets [2] . In contrast to animal sources, purely vegetable-based diets are free of creatine, and creatine should be synthesized de novo only from guanidinoacetic acid (GAA). Guanidinoacetic acid, a creatine precursor, is synthesized from l-Arg and Gly by the enzyme l-arginine:glycine amidinotransferase. Guanidinoacetic acid is then methylated by S-adenosyl-methionine to form creatine through the enzyme S-adenosyll-methionine:N-guanidinoacetate methyltransferase.
Guanidinoacetic acid supplementation of up to 0.12% GAA to all-vegetable diets has been shown to improve performance in male and female broilers [3, 4] . In further studies, supplementation of GAA to turkey diets also improved turkey performance [5] . The increase in creatine concentration and the creatine phosphate:ATP ratio in muscle tissue after dietary supplementation of GAA play central roles in energy metabolism [4, 5] . Recently, Michiels et al. [6] suggested that supplementing GAA in all-vegetable diets improves performance and carcass characteristics in terms of the G:F ratio and breast meat yield.
Diets with higher energy levels may allow for more rapid gains or for a greater quantity of meat to be produced in a given time [7] . The higher muscle creatine demand in high-energy diets may contribute to a more efficient utilization of dietary nutrients and energy, resulting in improved growth and particularly improved FCR. The objective of the current study was to evaluate the response of broiler chicks to dietary supplementation of GAA at different dietary energy concentrations.
MATERIALS AND METHODS
The bird care and use procedures were approved by the Karaj Animal Science Research Institute. Straight-run Cobb 500 day-old broiler chickens [8] were purchased from a commercial hatchery, weighed, and randomly distributed to 24 floor pens (64 chicks per pen). Each pen was equipped with a pan feeder, a bell drinker, and fresh pine shavings. Birds were vaccinated for Newcastle disease virus on d 8 and 18, for infectious bronchitis on d 1 and 14, and for Gumboro disease on d 15 and 24. The overall experimental period was divided into 3 phases: starter (1 to 10 d), grower (11 to 22 d), and finisher (23 to 40 d).
Birds were randomly assigned to 6 dietary treatments in a 3 × 2 factorial arrangement of treatments. The dietary treatments were formulated to have different levels of ME [100% (2,988 kcal/kg of starter, 0 to 10 d; 3,083 kcal/ kg of grower, 11 to 22 d; and 3,176 kcal/kg of finisher, 23 to 40 d), 95%, and 90% of the Cobb recommendation] [9] , each containing 0 and 0.06% CreAMINO [10] as the GAA source. The corn and soybean meal used for formulating the experimental diets were analyzed for DM, CP, and amino acid contents by near-infrared spectroscopy [11] . Metabolizable energy contents of corn and soybean meal were estimated by using the regression models presented by the NRC [12] . All dietary nutrients met or exceeded Cobb recommendations except for ME (Table 1) . Energy content of diets was adjusted by various inclusion levels of soybean oil, corn, and soybean meal, with sand as a diluent. Feed intake and BW gain were determined, and mortality-corrected FCR was calculated by pen at 10, 22, and 40 d of age. All birds had free access to feed and water throughout the 40-d experiment. Mash as the physical feed form was used during the experiment. A 23L:1D photo schedule was applied throughout the experiment.
At 40 d of age, 2 birds (1 male and 1 female) close to the mean BW were selected from each replicate for processing. Birds were fasted for 12 h before processing. Carcass, breast, thigh, abdominal fat, liver, and small intestine weights were recorded. Weights for each variable measured were expressed as relative to live weight at processing.
The treatment design consisted of a 3 (ME levels) × 2 (GAA) factorial arrangement. Each treatment was randomly allotted to 4 replicates. Data were subjected to the GLM procedure [13] for ANOVA in a randomized complete block design. Differences among means were separated with the LSMEANS option of SAS [13] . Statistical significance was considered at P ≤ 0.05.
RESULTS AND DISCUSSION
The effect of GAA supplementation on BW gain was not significant throughout the experiment (Table 2 ). This observation was in agreement with the result of Lemme et al. [4] , who reported that 41-d BW differences among graded levels of GAA supplementation and the nonsupplemented control group were not significant. Lemme et al. [3] also reported that dietary supplementation of 0.06% GAA increased the BW gain of female broilers raised to 42 d of age; however, the effects were not significant in male broilers.
Body weight gain was less in response to reducing the dietary ME level from 11 to 22 d and 0 to 40 d of age. A significant energy effect was observed from 23 to 40 d as well. The interactions between ME levels and GAA supplementation for BW gain were not significant. Controversy exists regarding the influence of dietary energy levels on the BW gain of broilers. Leeson et al. [14] and Dozier et al. [15] concluded that varying energy levels during the finishing period had no significant effect on final BW of broilers. Hidalgo et al. [16] showed no differences in growth rate, feed consumption, and feed conversion as AME n increased from 3,020 to 3,196 kcal/kg from 0 to 17 d of age, but growth rate was reduced as AME n was decreased to 2,976 kcal/kg. Saleh et al. [7] found differences in BW from 0 to 21 d attributable to AME. These discrepancies may be partly due to varying ME-toamino acid ratios in the ME treatments. In the current study, ME-to-amino acid levels were not constant with varying levels of ME. Reece and McNaughton [17] also reported that increasing dietary AME improved 49-d BW and 23-to 49-d feed conversion of broilers at 18.3°C but that BW was not affected by dietary AME at 26.7°C. Feed form may affect the response of broilers to Means within a column not sharing a common superscript are significantly different (P ≤ 0.05). energy density. Linares and Huang [18] reported that with decreasing ME from 100 to 95%, the BW of birds on pellets was maintained, whereas it was decreased in those fed all-mash treatments. It must be noted that in contrast to most of the other experiments, a mash form of diet was used in the current experiment. Although feed intake was not significantly affected (P ≤ 0.05) by dietary GAA supplementation (Table 3) , an almost significant reduction in feed intake was observed with addition of GAA during the finishing period (P ≤ 0.09). This reduction was most pronounced at the 100 and 95% ME concentrations. In agreement with current results, Lemme et al. [5] found that total feed intake of BUT turkeys over the entire 21-wk experimental period was reduced with increasing GAA inclusion levels, with the highest inclusion level resulting in a 2.4% lower feed intake (P ≤ 0.05) compared with the control diet.
The feed intakes from 0 to 10 d and 11 to 22 d of age were significantly affected by energy levels. Feed intake increased as dietary ME level decreased by 10% from 11 to 22 d. A 10% reduction in dietary AME increased feed consumption only from 11 to 22 d of age, and then a trend for a parallel reduction in feed intake was observed with a reduction in dietary ME. Results are inconsistent in the literature regarding whether the modern broiler chicken has the ability to adjust caloric intake when fed diets varying in energy content [14, 15, 19] or whether broilers eat to a certain capacity regardless of dietary AME [7, 16] . Nielsen [20] concluded that birds may have difficulty maintaining energy intake with high levels of dilution, with adverse effects on growth rate. When low-energy diets are used in modern broiler nutrition, feed form must be considered [18] .
As shown in Table 4 , dietary supplementation of GAA improved FCR from 23 to 40 d and 0 to 40 d of age. In agreement with the present study, Michiels et al. [6] recently reported that GAA supplementation was most beneficial in the finisher period, when growth rates are the highest. Reducing dietary energy impaired FCR from 11 Means within a column not sharing a common superscript are significantly different (P ≤ 0.05). 1 CreAMINO [10].
to 22 d of age. Birds fed diets with 10% lower energy had a significantly higher FCR. A significant interaction (P ≤ 0.05) was observed for the FCR between dietary GAA supplementation and energy concentration from 0 to 40 d of age (P ≤ 0.05). It should be mentioned that most of this effect was due to the differences from 23 to 40 d. Supplementation of GAA resulted in lower FCR at higher energy levels (95 and 100%). An trend toward increasing FCR was observed with ME reduction except in the starter period. The response of feed conversion to dietary AME was more pronounced. Differences in feed energy are expected to affect FCR more markedly than BW gain [7, 19, 21, 22 ]. In the current study, soybean oil was used to achieve high-energy diets. Dietary fat supplementation has been shown to improve feed conversion [7, 19, 21] . The addition of dietary fat has been shown to improve the feed conversion of broilers exposed to high temperatures [23] . In the current study, dietary supplementation of GAA was effective only during the late phase of production. It seems reasonable to assume that higher muscle growth and yield during the late period of broiler life require more ATP.
No differences related to dietary GAA supplementation and energy level were observed for carcass yield and yields of commercial parts ( Table 5 ). The liver percentage of birds supplemented with GAA was significantly lower than that for nonsupplemented birds (P ≤ 0.05). The small intestine weight was reduced by low-energy (90%) diets supplemented with GAA. Guanidinoacetic acid supplementation decreased ME intake per kilogram of BW gain in the diets containing 100 and 95% ME.
As shown in Table 6 , GAA supplementation resulted in lower caloric intake per kilogram of BW gain and carcass weight (P ≤ 0.01), which was the result of improved FCR. Caloric intake, caloric intake per kilogram of BW gain, and carcass weight were decreased as dietary ME was reduced by 5 and 10% (P ≤ 0.01). In the current study, CP and the ME-to-amino acid ratio were increased as the ME content of diets was re- duced. Dozier et al. [24] reported that caloric efficiency was improved per unit of BW gain and breast meat weight in birds fed diets containing a high amino acid density.
Supplementation with GAA was effective in reducing the caloric consumption per kilogram of BW gain and per kilogram of carcass weight only at 100 and 95% of energy recommendations. Overall, dietary supplementation of GAA improved FCR and energy efficiency.
CONCLUSIONS AND APPLICATIONS
1. Dietary supplementation of GAA has the potential to improve the FCR of broilers in the finisher period. 2. Addition of GAA may increase energy efficiency in broilers at higher energy levels. 3. Birds could not maintain their energy intake with high levels of dilution when diets were fed in mash form.
